The organization of the rRNA genes of Anaplasma marginale, the type species of the genus Anaplasma, was identified to determine if the atypical rRNA gene arrangement identified in rickettsiae preceded divergence of the order Rickettsiales into the families Anaplasmataceae and Rickettsiaceae. The rRNA genes are encoded by two unlinked units, each present in a single copy per A. marginale genome. The 16S rRNA gene is separated from the linked 23S and 5S rRNA genes by a minimum of 100 kb. Similar to species belonging to the genus Rickettsia, the typical bacterial 16S-23S spacer region containing tRNA genes has been lost in A. marginale. In contrast, the fmt gene located upstream of the 23S rRNA gene in most Rickettsia spp. is not maintained in A. marginale, consistent with the fmt arrangement being a relatively late event in the evolution of rickettsial species.
Bacterial rRNA genes are typically organized in an operon, with multiple complete operons per bacterial genome (Srivastava & Schlessinger, 1990 , 1991 Blattner et al., 1997) . The most common structure of the operons is 16S (rrs), 23S (rrl ) and 5S (rrf ), with tRNA genes located within the 16S-23S spacer. Deviations from the typical 16S-23S-5S operon structure are rare, with the exception of obligate intracellular bacteria with small ( 1n5 Mb) genomes. Alternative rRNA gene arrangements are characterized by very low copy numbers of the rRNA genes with loss of the classical operon structure (Pang & Winkler, 1993 ; Andersson et al., 1995) . These atypical structures are hypothesized to have arisen from a progenitor with the classical multiple operon structure by mutation and then differential deletion of individual 16S, 23S or 5S rRNA genes (Andersson et al., 1995 ; Kurland & Andersson, 2000) . Consistent with this hypothesis, atypical rRNA gene arrangements are conserved among closely related bacterial species. Among species belonging to the genus Rickettsia, the 16S rRNA gene is widely separated from the linked 23S and 5S rRNA genes, and the typical 16S-23S spacer sequences are not retained 3h to the 16S or 5h to the 23S rRNA genes (Andersson et al., The GenBank accession numbers for the 23S-5S sequence and the 16S rRNA gene sequence of Anaplasma marginale St Maries are AY048815 and AY048816, respectively. 1995, 1998) . This unique structure is highly conserved in at least 13 species of Rickettsia representing both the spotted fever group and the typhus group, indicating that the rRNA gene rearrangement preceded speciation as well as divergence into these two predominant biotypes (Andersson et al., 1999) .
If loss of the typical rRNA operon structure occurred as a consequence of obligate intracellular parasitism by a rickettsial progenitor, the unique rRNA gene arrangement of Rickettsia species, or a closely related atypical structure, would be predicted for other bacteria believed to have descended from this common progenitor. Bacteria in the order Rickettsiales are obligate intracellular parasites and are, with few exceptions, transmitted by arthropod vectors (Weiss & Moulder, 1984) . The order has recently been emended to two families, Rickettsiaceae, which includes the genus Rickettsia, and Anaplasmataceae, which includes and is named for the genus Anaplasma (Dumler et al., 2001) . In this study, we used the type species of the genus Anaplasma, Anaplasma marginale, to determine if the unique organization of the rRNA genes is maintained in both families of the order Rickettsiales.
The 16S rRNA gene of the St Maries strain of A. marginale (Eriks et al., 1994) was sequenced (GenBank accession no. AY048816) and was shown to be identical to that previously reported for other A.
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marginale strains (Dame et al., 1992 ; Dumler et al., 2001) . A bacterial artificial chromosome (BAC) library derived from the St Maries strain, constructed as described previously (Brayton et al., 2001) , was screened for clones containing the 16S rRNA gene. A 540 bp digoxigenin-labelled 16S rRNA probe (nucleotides 382-921) was generated by PCR using the forward primer 5h-CGTGAGTGAGGAAGGCCTTAGGGT3h and the reverse primer 5h-GTTGCATCGAATTA-AACC-3h. Two overlapping BAC clones, H1 (97 kb) and B7 (100 kb), containing the 16S rRNA gene were identified by probing with the digoxigenin-labelled 16S probe. The sequences of the 16S rRNA gene and its flanking regions were identical in each BAC clone. Although the 23S rRNA gene of A. marginale has not been reported previously, a partial (600 bp) sequence of the 23S rRNA gene had been identified and was used to generate a specific 543 bp probe using the forward primer 5h-GTGACAGCGTACCTTTTGCA-T-3h and the reverse primer 5h-GCTTTCTTTAAAG-GATGGCTG-3h. Two overlapping BAC clones, D3 (50 kb) and G7 (48 kb), containing the 23S rRNA gene were identified. Each BAC clone contained a complete 23S rRNA gene, an intergenic spacer of 80 bp and a 5S rRNA gene. The sequences from each BAC clone were identical and are reported as GenBank accession number AY048815.
Analysis of the copy numbers and linkage of the 16S and 23S-5S rRNA genes was done using four A. marginale strains (St Maries, South Idaho, Florida and Virginia), one Anaplasma centrale strain (Israel) and one Anaplasma ovis strain (Idaho). The strains were maintained as liquid nitrogen-cryopreserved stabilates of infected bovine or ovine erythrocytes (Love, 1972) . The source and characterization of the A. marginale and A. ovis strains has been described previously by McGuire et al. (1984) and Ndung'u et al. (1995) , respectively. Genomic DNA was isolated from blood collected from infected animals during acute rickettsemia using the Puregene DNA Extraction Kit (Gentra Systems), following the manufacturer's instructions. A. centrale genomic DNA was a gift from Dr Varda Shkap (Kimron Veterinary Institute).
Digestion of Anaplasma chromosomal DNA using restriction enzymes that do not have cleavage sites within the 16S rRNA gene or within the linked 23S-5S rRNA genes and hybridization of the same blot with either the 16S probe (Fig. 1a) or, after stripping, the 23S probe ( Fig. 2a ) revealed only single chromosomal fragments. Furthermore, the 16S and 23S probes did not bind to the same DNA fragment in any of the enzyme digests. As predicted from the sequence data, a 5S probe bound the same chromosomal fragments as the 23S-specific probe (data not shown). To confirm the separation of the 16S and 23S-5S rRNA genes, the 100 kb BAC clone B7, containing the 16S rRNA gene, and the 50 kb BAC clone D3, containing the 23S-5S rRNA genes, were digested using restriction enzymes that did not cleave within the rRNA gene sequences. The cleavage products were hybridized using the 16S probe (Fig. 1b) ; the membranes were then stripped and re-probed using the 23S probe (Fig. 2b) . Neither clone contained both the 16S and 23S genes. Separate single DNA fragments were bound by the 16S probe in BAC clone B7 (Fig. 1b) and the 23S probe in BAC clone D3 (Fig. 2b) . The pattern of hybridizing fragments was identical for the genomic DNA of the four A. marginale strains (St Maries, South Idaho, Florida and Virginia) and the BAC clones, indicating that these clones are representative of the genomic arrangement of the genes. The chromosomal and BAC clone hybridization data and the sequence data derived from the BAC clones indicate that A. marginale does not retain the classical bacterial 16S-23S-5S rRNA operon structure and that the 16S rRNA gene is separated from the linked 23S-5S rRNA genes. Analysis of genomic DNA from A. ovis and A. centrale by the same strategy, digestion using restriction enzymes that do not cleave within the genes, probing using the 16S rRNA gene probe, and then stripping and reprobing using the 23S rRNA gene probe, also revealed only single fragments (Figs 3 and 4) . Similar to the results with A. marginale, the 16S and 23S probes did not bind the same DNA fragment in the restriction enzyme digests of A. centrale (Fig. 3) or A. ovis (Fig. 4) (Fig. 1) , the same membranes as used in Fig. 1 were stripped by washing them briefly in distilled water, then washing them for 15 min (twice) in 0n2 mM NaOH containing 0n1 % SDS, with a final rinse in 2iSSC. Southern blotting, prehybridization and hybridization conditions, and generation of the 23S rRNA probe were done as described for which have single cleavage sites in the 16S rRNA gene, generated the predicted two fragments that hybridized with the 16S probe (Fig. 5a ). The sequence conservation between individual rRNA genes when multiple copies are present in the bacterial genome allows the detection of tandem genes using a combination of enzymes that do and do not cleave within the gene sequence (Pang & Winkler, 1993 BAC clones B7 (16S clone) and D3 (23S clone) were initially digested using enzymes that had a single cleavage site within the rRNA genes (EcoRI and PstI for 16S ; NcoI and HindIII for 23S). They were then digested a second time using enzymes that did not cut within the rRNA genes (BamHI, NotI, EcoRV and NdeI for 16S ; EcoRI, BamHI, NotI, EcoRV and NdeI for 23S). Prehybridization and hybridization with either the 16S rRNA or the 23S rRNA probes were done as described for Figs 1 and 2. Molecular size markers are shown at the left of the images.
EcoRI or PstI followed by a second digestion with enzymes that do not cleave within the 16S rRNA gene generated only two fragments that hybridized using the 16S probe (Fig. 5a ). Digestion using NcoI or HindIII cleaves once in the 23S rRNA gene sequence and generated the predicted two fragments bound by the 23S probe (Fig. 5b) . Double digestion using NcoI or HindIII in combination with enzymes that do not cleave within the 23S-5S rRNA genes also generated only two fragments (Fig. 5b) . This strongly suggests that there are no tandem repeats of the 16S or 23S-5S rRNA genes. This conclusion was corroborated by sequencing 1 kb of sequence flanking the 16S and 23S-5S rRNA genes in the BAC clones, which did not reveal any related sequences.
Overall, the organization of the Anaplasma rRNA genes, with the loss of the typical operon structure and the presence of a single 16S gene that is separated from the linked 23S-5S genes, is similar to that reported for the genus Rickettsia (Andersson et al., 1995 (Andersson et al., , 1998 (Andersson et al., , 1999 . The distance separating the 16S and the 23S-5S genes in A. marginale has not been determined, but it is at least 100 kb. This minimum separation is based on the position of the 16S gene, in the sense orientation, at the end of the BAC clone B7 (data not shown) followed by 100 kb of downstream sequence that does not include the 23S gene (Figs 1b and 2b ). In addition, there were no tRNA genes present in the 1 kb immediately 3h of the 16S rRNA gene. This loss of the normal 16S-23S spacer region sequences containing tRNA genes also reflects the pattern seen with Rickettsia spp. (Andersson et al., 1995 (Andersson et al., , 1998 (Andersson et al., , 1999 . In contrast, in A. marginale, the fmt gene encoding methionyl-tRNA Met f formyltransferase was not identified immediately upstream of the 23S rRNA gene as occurs in 13 species of Rickettsia (Andersson et al., 1999) . This inability to detect the fmt gene in A. marginale may be due to sequence divergence such that the gene is no longer recognizable or because the fmt gene is not located within 1 kb upstream of the 23S rRNA. Interestingly, two species in the family Rickettsiaceae, Rickettsia bellii and Orientia tsutsugamushi, also lack a recognizable fmt gene in this position (Andersson et al., 1999) . This is consistent with O. tsutsugamushi representing a separate genus (Tamura et al., 1995) and with the suggestion, based on analysis of 16S and 23S rRNA genes (Stothard et al., 1994 ; Stothard & Fuerst, 1995) and the citrate synthase gene (Roux et al., 1997) , that R. bellii diverged relatively early in the speciation of the genus Rickettsia.
In conclusion, the unusual arrangement of the rRNA genes in bacteria belonging to the order Rickettsiales appears to have been generated prior to the divergence of the families Rickettsiaceae and Anaplasmataceae.
rRNA gene arrangement in Anaplasma
Whereas the present study examined A. marginale, A. ovis and A. centrale, with the detailed study of BAC clones limited to A. marginale, Massung et al. (2001) recently reported that the same arrangement of rRNA genes occurs in Anaplasma phagocytophilum and Ehrlichia chaffeensis. Ehrlichia represents a second examined genus within the family Anaplasmataceae (Dumler et al., 2001) . Interestingly, bacteria in both families share the requirement of transition from obligate intracellular parasitism in a vertebrate host cell to an invertebrate host cell. In A. marginale this involves replication within the bovine erythrocyte with transition to replication within the tick midgut and then the salivary gland epithelium (Kocan, 1986) . The occurrence of multiple operons with the typical 16S-23S-5S structure has been hypothesized to be important in the ability of bacteria to respond to changing growth conditions (Klappenbach et al., 2001) . Clearly, rickettsiae manage the transition between the different environments of mammalian and arthropod hosts using a single set of separately arranged 16S and 23S-5S rRNA genes. Their ability to adapt to their different hosts most likely reflects a strategy of specific invasion of target cells and relatively slow intracellular replication in a protected site rather than them depending on rapid growth to survive amidst other microbial competitors.
